Abstract-An amplify-and-forward (AF) wireless relay network consisting of a one-source-one-destination node pair and cooperative multiple N relay nodes is proposed in three adverse wireless communication environments, i.e., jamming, node geometry, and channel uncertainty. Based on the minimum mean square error (MMSE) criterion, the optimal amplifying relay matrix in three adverse wireless environments with the relay power constraint is derived. In addition, the MMSE cost function behavior in three adverse environments is analytically investigated using the proposed optimal relay amplifying matrix. Finally, using the cost function value, the relay selection scheme in adverse wireless communication environments is presented, which is the main contribution of this paper.
I. INTRODUCTION
For the sake of mitigating the influence of multipath fading, providing reliable communication, and achieving the gain of diversity order, various schemes, such as compute-and-forward [1] , [2] , compress-and-forward [3] , [4] , amplify-and-forward (AF) [5] - [12] , and decode-andforward (DF) [13] - [15] , have been investigated over the past years. The AF relay scheme only forwards an amplified version of its received signals from a source node according to its power constraints. Hence, the cooperative AF relay scheme is a reasonable strategy when relay nodes have limited power. Due to this reason, the AF relay strategy is employed in this paper. In addition, in this paper, the definition of cooperative relay follows the definition provided in [6] , in which the channel coefficients of other relays are available to a relay.
Power can be constrained at the source [5] , the relay [5] - [9] , and the destination [11] , [16] during data transmission. However, the power constraint was not considered [12] . In general, power is limited at the transmit side. Hence, this paper considers the relay power constraint during data transmission.
Only one or two adverse communication environments, such as channel uncertainty [5] , [8] , [12] , node geometry [7] , [17] , jamming [18] , at a time have been studied in most of the literature. Due to the fact that wireless communication characteristics rarely exist with one adverse environment but rather with a combination of environments, this motivated us to challenge a more comprehensive environment, which is the combined adverse wireless communication environment and more practically adverse environments. In other words, multiple adverse communication environments, such as a jamming environment, channel uncertainty, and node geometry, for the cooperative AF wireless relay network under the relay power constraint are employed in this paper. To the authors' knowledge, these tasks are not simple and have not been published in the literature.
The better bit error rate (BER) performance in the cooperative AF wireless relay network can be achieved through the relay selection scheme. In [14] , [15] , [19] , [20] , the DF relay selection scheme has been proposed. The authors in [14] , [15] , [19] mainly studied the single DF relay selection scheme, while the authors in [20] proposed the multiple DF one. However, the authors in [21] - [23] investigated the optimal single AF relay selection scheme using the maximum signal-to-noise ratio (SNR) criterion. In [24] , [25] , the best harmonic mean selection was proposed using the harmonic mean of the two channels' qualities. In [26] , [27] , the best worse channel selection was studied, in which a relay whose channel is the best is selected. All the relay selection schemes proposed in [21] - [27] are for the single relay selection. Jing et al. in [9] , [10] proposed the single and multiple relay selection schemes for the cooperative AF wireless relay system based on the maximum SNR and the optimal relay ordering criterions with the source and the relay power constraints. Neither of them considered the adverse environments [9] , [10] , [14] , [15] , [19] - [27] .
Hence, this paper addresses a new multiple relay selection scheme for the cooperative AF relay network under adverse wireless communication environments with the relay power constraint. This relay selection scheme is based on the fact that the smaller the cost function value, the better the BER performance because the cost function is defined as the minimum mean square error (MMSE) [28] . To propose the relay selection scheme, the optimal relay amplifying matrix is first determined. In other words, the cost function criterion is created by substituting the proposed optimal relay amplifying matrix into the cost function defined as the MMSE, which is a new approach to the relay selection scheme that is typically found in the literature. Under adverse wireless communication conditions in the wireless relay network, the better BER system performance can be accomplished through the proposed relay selection scheme. In addition, it is observed that the greater the relay selection, the better the BER performance.
The remainder of this paper is organized into five sections. Section II describes the applied system models and data transmission scheme. Section III derives the optimal relay amplifying matrix for the cooperative distributed AF wireless relay network in three adverse wireless environments based on MMSE criterion. Section IV studies the MMSE cost function behaviors in the three adverse wireless environments using the optimal relay amplifying matrix and provides the relay selection of the cooperative distributed AF wireless relay network based on the MMSE cost function criterion. Section V presents simulation results. Section VI concludes the paper.
Notation: Matrices, vectors, and scalars are denoted, respectively, by uppercase boldface, lowercase boldface, and italic characters (e.g., A, a, and a). The expectation operator is E[ · ]. The trace, inverse, Hermitian, complex conjugate, and transpose of A are denoted by tr(A), A −1 , A H , A * , and A T , respectively. An N × N identity and a diagonal matrix are denoted by I N and diag(a 1 , · · · , a N ), respectively. Notations |a|, ||a||, and ||A|| F denote the absolute value of a for any scalar, 2-norm of a, and Frobenius-norm of A, respectively.
II. SYSTEM MODEL AND DATA TRANSMISSION
An AF wireless relay network consisting of a onesource-one-destination node pair and cooperative distributed N relay nodes under three adverse wireless communication conditions, i.e., jamming, channel uncertainty, and node geometry 1 , is illustrated in Fig. 1 . The two stages for data transmission are described in Fig. 1 . In Stage I, the source node broadcasts a signal s ∈ C 1×1 to the relay nodes under three adverse environments; then relay nodes forward their signals to a destination node in Stage II under three adverse environments. Hence, the destination node receives signals under these three adverse environments.
For a jamming environment, the broadband noise jamming (BNJ) is applied [18] . The BNJ is modeled as a complex Gaussian noise with zero mean and power N J BW , where BW is the bandwidth. In this paper, the BW is normalized to 1 [18] . Hence, the BNJ column vector j 1 ∈ C N ×1 is a zero-mean complex additive white Gaussian noise (AWGN) with covariance matrix N J I N , while the jamming signal j 2 ∈ C 1×1 is a zero-mean complex AWGN and variance N J . It is assumed to be
Let θ i denote the angle between two links from a source node to the i-th relay node and from the i-th relay node to the destination node (0 < θ i ≤ π), i = 1, · · · , N , as shown in Fig. 1 . The geometrical large-scaled path-loss matrix W s ∈ C N ×N from the source node to the i-th relay node and W d ∈ C N ×N from the i-th relay to the destination node can be written, respectively, as
and
where L SRi is the large-scaled path loss between the source node and the i-th relay node, while L RiD is the large-scaled path loss between the i-th relay node and the destination node [7] , [17] . Let η i denote the ratio of
. Here, d a1a2 is the Euclidean distance between two nodes a 1 and a 2 . Then, the relative location of the i-th relay node with respect to the source and destination node is indicated by the dB value of 10 log 10 η i , i = 1, · · · , N .
The small-scaled fading channel coefficient column vector h s ∈ C N ×1 from the source node to relay nodes and the channel coefficient row vector h y ∈ C 1×N from relay nodes to the destination node are denoted, respectively, by
where the channel coefficient h s,i , i = 1, · · · , N , from the source node to the i-th relay node is the i-th element of h s , and the channel coefficient h y,i from the i-th relay node to the destination node is the i-th element of h y . All channel coefficients h s,i and h y,i are independent identically distributed (i.i.d.) zero-mean circular Gaussian with unit variance. Due to channel estimation errors in a wireless communication system, an imperfect estimate of the channel coefficient column vector is used [5] , [8] , [12] . Therefore, the estimated channel coefficient vectors can be written, respectively, as
Channel estimation errors can be modeled as Gaussian because the average of the estimation approaches the true channel parameter, and errors are typically distributed as Gaussian [29] . Here, ϕ s ∈ C N ×1 and ϕ y ∈ C 1×N are complex i.i.d. zero-mean Gaussian random variables with covariance matrices σ 2 ϕs I N and σ 2 ϕy I N , respectively. As shown in Fig. 1 , BNJ is added to arbitrarily distributed relay node inputs in the source-relay links under channel uncertainty. Hence, the received complex signal column vector r ∈ C N ×1 at relay nodes under three adverse communication environments can be written as
where v s ∈ C N ×1 is a zero-mean complex AWGN vector with covariance matrix σ 2 vs I N , and G ∈ C N ×N is a weighting matrix consisting of the positive scaling factor g i for the i-th relay node input to limit the received power at the relay input, i.e.,
) −1/2 . In addition, G will be diagonal because the proposed system is an AF single-input single-output wireless relay system. The amplified complex signal column vector x ∈ C N ×1 at the relay outputs is given by
where F ∈ C N ×N is called a amplifying relay matrix at the relay nodes. The objective of the amplifying relay matrix F is to minimize the mean square error (MSE) between the equalized form of the received signal at the destination and the originally transmitted signal s from the source in the three adverse environments. In addition, due to relay cooperation, F is nondiagonal [6] .
It is necessary to apply the W d in the relay-destination links because all relays are arbitrarily located between the source and the destination. Therefore, the received complex signal y ∈ C 1×1 at the destination node when channel uncertainty, jamming, and node geometry are present can be written as
where v y ∈ C 1×1 is a zero-mean complex AWGN with variance σ 2 vy . In addition, the received signal y in (8) is equalized by a scaling factor gain α to produce the estimatedŷ asŷ = αy.
III. MMSE RELAY SCHEME IN ADVERSE COMMUNICATION ENVIRONMENTS
To propose the new relay selection scheme based on the cost function criterion, it is first necessary to determine the optimal amplifying relay matrix F † . Hence, the optimal F † under three adverse communication conditions with the relay power constraint will be derived by using the MMSE between the originally transmitted signal s from the source node and the equalized signal of the received signal at the destination node. Hence, the constrained optimization can be written as
where the superscript † denotes the optimum, the cost function J(F) E[|s −ŷ| 2 ], and the total power usage p r at the relay nodes can be written, respectively, as
Here,
, and E[v y ] = 0 are used. To solve the constrained optimization problem in (10) and (11), the Lagrangian multiplier λ [30] can be applied as
To obtain the optimal F † , differentiating L(F, λ) with respect to F * using the linear and nonlinear properties of the complex matrix derivative [31] and the cyclic properties of the trace function, i.e., tr
, and equating the derivative to zero, the optimal F † in three adverse wireless environments with relay power constraint for the cooperative AF wireless relay network can be written as
where
IV. RELAY SELECTION As stated earlier, the smaller the cost function value, the smaller the MSE [28] . This is because the cost function J(F) is defined as the MSE, as shown in (12) . In other words, the system BER performance gets better as the MSE decreases. Hence, using this relationship between the MSE and the cost function, the relay selection can be applied, which is the new criterion to apply a relay selection scheme, to achieve a better BER performance at the destination under three adverse wireless communication conditions. Substituting (16) into (12) , the cost function J(F † ) in (12) can be rewritten as
From (20), it is observed that the cost function J(F †
Hence, the MSE increases as they increase. Namely, the BER performance will be worse as they increase. In addition, it can be clearly observed that the cost function J(F † ) in (20) decreases as the values of ||W s || F and ||W d || F increase. The larger the angle θ i , the larger the ||W s || F value. Hence, the larger the angle θ i , the lower the cost function J(F † ) value. As a result, the BER performance will improve if relays are more closely located from both the source node and the destination node.
Consequently, using the cost function derived in (20) , a relay selection scheme will be investigated in the rest of this section. In other words, the relay selection criterion is to choose the minimum cost function value at the destination node. Hence, full knowledge of channels at the destination is assumed through pilot symbols. The minimum one, among all combination values of the cost function at the destination node, will be selected for data among all cost function combination values will be chosen as
Finally, the selected m relay nodes will take part in data retransmission. In addition, after the selection of m relay nodes out of N , the optimal nondiagonal relay amplifying matrix 
Therefore, the size of F † (N:m)
in (28) is (m × m) instead of (N × N ). Namely, after F † (N:m) in (28) is determined by the minimum cost function criterion J min ( F † ) in (27), it will be used to retransmit an amplified version of the signal received from the source node to the destination node. In particular, if m is equal to N , all relay nodes will participate in data retransmission.
Using the cost function J(F † ) (N:m) in (23), the cost functions for relay selection of one or two adverse wireless communication environments combined can be derived. With In order to evaluate the BER performance of the proposed relay selection scheme based on the cost function criterion for a cooperative AF relay scheme in three adverse wireless communication environments with the relay power constraints, this paper presents the results of the Monte-Carlo simulation. All simulations are performed for a one-source-one-destination pair with different numbers of cooperative distributed relay nodes, i.e., N = 2, 3, 4, for path-loss exponents ε = 2. The received signal at the destination node is modulated by a quadrature phase shift keying constellation. All relay nodes have the same thermal noise power, i.e., σ Combinations of each of two different BNJ and uncertain channel conditions, BNJ with 2.5% and 5%, of the desired signal bit energy, and channel uncertainty with 2.5% and 5% channel estimation error power, are generated as AWGN, respectively. In other words, the jamming signal and channel coefficient estimation error variances are selected, respectively, to satisfy 10 log 10 (σ Figure 2 provides the BER performance versus input SNR for cooperative AF wireless relay networks under a non-adverse environment and the relay power constraints with the relay selection m = 2, 3 out of N = 4 relay nodes using (51). It is observed that the proposed relay selection scheme based on the MMSE cost function criterion shows a better BER performance than the norelay selection case. In addition, it is also found that the better the BER performance, as the greater the number of selected relays because the best m relays that have the smallest cost function values were participated in data transmission. (41), and only node geometry (NG) using (46) with two different conditions. Also, no-relay selection (NRS) case is presented. Figure 3 shows the BER performance versus input SNR with the relay selection m = 2 out of N = 4 relay nodes under only BNJ using (36), only channel uncertainty using (41), and only node geometry using (46) with two different conditions. Also, no-relay selection case is presented with the same conditions. It is observed that the BER performances of relay selection scheme in three adverse wireless communication environments are better than those cases of no-relay selection scheme under the same conditions because the best m relay nodes that have the smallest cost function values were participated in data transmission. Finally, the better BER performance is observed as the angle θ i increases when the relay nodes are located at equidistance between the source and destination node, i.e., η i = 0 dB. Figure 4 presents the BER performance versus input SNR with the relay selection m = 2, 3 out of N = 4 relays under BNJ only with 13 dB using (36) and channel uncertainty only with -13 dB using (41) based on the MMSE cost function criterion. Also, the no-relay selection case is presented with the same conditions. Similar to Fig. 3 , it can be seen that the BER performances of relay selection scheme under BNJ only with 13 dB and channel uncertainty only with -13 dB show better than that of the case of no-relay selection scheme under the same condition because the best m relay nodes that have the smallest cost function values took part in data transmission. In addition, it is found that the greater the relay selection, the better the BER performance. Finally, it is also observed that the BER performance under only BNJ is worse than the one under only channel uncertainty because the BNJ cost function value is larger than the channel uncertainty one. Figure 5 presents the BER performance versus input SNR with the relay selection m = 2, 3 out of N = 4 relays under node geometry only with equidistance, i.e., η = 0, dB and the same angle, i.e., θ = π 2 , using (46). Also, the same angle (θ = π 3 ) and unequal distance (η = −10, 0, 10, dB) case is presented. As in the case of the relay schemes under only BNJ and only channel uncertainty, it can be seen that the relay selection makes a better BER performance compared to the no-relay selection under the same node geometry condition. In addition, as the number of selected relay nodes increases, the better BER performance is achieved. As analyzed, the BER performance enhances when relays are more closely located from both the source and the destination. In particular, due to J (10dB, π 3 )
2) , the almost identical BER performance is yielded when relays are closely located from both the source and the destination. ) and unequal distance (η = −10, 0, 10, dB) case is presented. applying m = 2, 3 relay selection schemes based on the cost function criterion, using (23) . Figure 6 shows the BER performance versus input SNR for N = 4 cooperative distributed wireless relay networks under three adverse wireless communication environments with equidistance, i.e., η = 0 dB, and the same angle, i.e., θ = π 4 applying m = 2, 3 relay selection schemes based on the cost function criterion, using (23) . As observed in Fig. 3 through 5 , it can be seen that the better BER performance can be achieved through the proposed relay selection under three adverse wireless communication environments based on the cost function criterion. From all observations with respect to the effects of relay selection, it can be concluded, in practice, that the better BER system performance can be accomplished through the proposed relay selection scheme under adverse communication environments in the wireless relay network.
VI. CONCLUSION
A cooperative distributed AF wireless relay network has been studied under three adverse communication environments, using a one-source-one-destination pair and N relay nodes with the relay power constraint. Using the proposed optimal AF relay amplifying matrix, the cost function was analytically derived. The cost function was defined as the MSE in this paper. Hence, using the relationship between the minimum cost function value and the MMSE, the relay selection scheme is proposed to achieve a better BER performance at the destination under adverse environments.
It was observed that the better BER performance is achieved as the number of selected relay nodes increases. In particular, the better BER system performance under adverse environments can be achieved through the proposed relay selection scheme compared to no-relay selection under the same adverse environments because the best m relays that have the smallest cost function values were participated in data transmission. 
